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Abstract 
The Kamao tumulus which is one of the decorated tumuli in Kumamoto city, Japan does not ordinarily open to the public because of a fear 
of the deterioration of decorated chamber walls.  It seems to be thought that the cause of the deterioration is the dew condensation in the 
tumulus that is fallen, or flowed down on the decorated wall. The purpose of our study is to propose appropriate measures to prevent dew 
condensation in performing preservation and an exhibition.  In this paper, we investigate the followings: (1) The primary factors of dew 
condensation (by analizing moist air movement in the stone chamber) (2) The validity of the analysis model of temperature and humidity 
behavior in the tumulus taken into consideration of the temperature and moisture distribution of the mound and the inside of the tumulus. (3) 
Whether or not the measure which we shield the entrance door so as not to be exposed to solar radiation is effective to prevent dew 
condensation.  The main results are as follows:  (1) The evaporation at the soil surface in the tumulus near the door of the entrance is the main 
factor of the dew condensation. (2) The calculated results using the analysis model we developed agree with the behavior of measured 
temperature, humidity and condensation. (3) The counter measure which we shield the entrance door is effective to prevent the dew 
condensation 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
Keywords: cultural assets; dew condensation; deterioration; tumulus; decorated chamber walls 
1. Introduction
There are about 700 extant tumuli which have feathers that the stone surface has been decorated by carvings or/and paint work.
These have been preserved in local, and some of them ordinarily open to the public. The Kamao tumulus in Kumamoto city, 
Japan, is estimated to be built in the late 6th century. Since the ceiling stone and stacked stone collapsed, major repair work was 
carried out in 1967. There is a facility that has an entrance door made of iron facing south and one can observe decorated 
chamber walls in the burial chamber which directly connects to the entrance through the dromos. However it does not ordinarily 
open to the public because of a fear of the deterioration of decorated chamber walls. It seems to be thought that the cause of the 
deterioration is the dew condensation in the tumulus that is fallen, or flowed down on the decorated wall. We measured 
hydrothermal environment in the Kamao tumulus for two years and examined annual temperature and humidity behavior and 
observed the annual distribution of dew condensation occurrence. The results of the survey are as follows: (1) The entrance door 
facing a south directly receives solar radiation.  (2) The temperature difference occurs inside or inside and outside, so the air flow 
tends to occur. (3) The relative humidity at burial chamber is almost 100% all year round. (4) In the burial chamber which has 
decorated chamber walls, dew condensation occurs over the entire surface in summer and at part of ceiling of north in winter. 
It seems to be that air exchange between internal air in the burial chamber and external air by stack effect remarkably influence 
on the annual behavior of dew condensation distribution in the burial chamber. As a result of discussion, we supposed two causes 
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for what the dew condensation in the burial chamber mainly occur. (1) Evaporation from the soil surface in the tumulus near the 
door of the entrance. (2) Moisture exchange between external and internal air by the ventilation through the gap of the door. In 
Chapter 3, using measured temperature and humidity, we investigate the primary factor of dew condensation by analysing moist 
air movement in the stone chamber. Next in chapter 4, we develop a two dimensional temperature and humidity analysis model 
in the tumulus and verify its validity. And then we investigate whether or not the counter measure which we shield the entrance 
door so as not to be exposed to solar radiation is effective to prevent the dew condensation. 
 Fig. 1. (a) Appearance of Kamao tumulus; (b) Appearance of burial chamber; (c)Appearance of the ceiling of burial chamber . 
Fig. 2. Outline of measurement positions and measurement results in Kamao tumulus
(a) Measurement positions; (b) dew condensation distribution. top: Aug.2012 bottom: Jan.2013; (c) dew condensation distribution at ceiling 
2. Investigation of the main factors of dew condensation
2.1 Analysis model 
 In the analysis model, we divide the chamber in 3 rooms (in Fig.3), and calculate the amount of ventilation by stack effect M1
(outside-entrance), M2 (entrance-dromos), M3 (dromos-burial chamber) which takes into account of the temperature difference 
between each room. We identify both the gap width which is the parameter of the amount of moisture movement from outside 
and the surface area of chamber which is the parameter of the amount of evaporation at surface as measured results are 
reasonably explained. In this calculation, we use the moisture balance equation treated as the instantaneous steady state. 
Fig. 3 Schematic diagram of the Analytical model 
2.2 Results and discussion 
Fig.4 shows the annual variation of the absolute humidity of measured values and analysis values (gap width at 2mm~1cm) 
when not considering the evaporation or condensation in the stone chamber. All the calculated value does not agree with 
measured value very well.  It seems that the model is not taken into account evaporation and condensation occurs in the stone 
chamber. Fig.5 shows annual variation of the amount of evaporation at the surface in the entrance and the dromos (H1+H2) and 
the amount of dew condensation at the entrance door.  The amount of evaporation at surface in the stone chamber remarkably 
increases in summer, and the dew condensation at the entrance door frequently occurs in winter. Therefore, the calculated value 
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taken into account the evaporation and the condensation agree with the measured value when the opening width is 2mm very 
well in Fig. 6.  Then, Fig.7 shows the amount of moisture movement calculated by using the identified opening gap. In summer, 
the water vapor moves from the dromos to the burial chamber by stack effect and the dew condensation occurs in burial 
chamber. On the other hand, in winter the water vapor moves from the burial chamber to the dromos and the surface easily dry 
in the burial chamber. These results correspond to the measured results as shown inFig.2 (c). Thus moisture movement in the 
stone chamber can be generally reproduced in the ventilation calculation. Fig.8 shows that the comparison between the amount 
of evaporation from the soil surface in the entrance and the dromos and the amount of moisture exchange between external and 
internal air by the ventilation through the gap of the entrance door. It can be said that the evaporation at the soil surface in the 
tumulus near the door of the entrance is the main factor of the dew condensation in summer. Also it is thought that the influence 
of moisture movement through the gap of the door on the condensation is small. In addition the dew condensation at the 
entrance door in winter is the main factor of the drying in winter. Now we come up an idea that shading the entrance door is the 
counter measure the solar radiation in order to suppress the evaporation. We will examine it in a following chapter. 
     
3. Heat and moisture transfer behavior considering 2-dimensional mound of the tumulus
In chapter 3, it can be said that the evaporation at the soil surface in the tumulus near the door of the entrance is the main factor 
of the dew condensation in summer. On the other hand, it is not clear where dew condensation occur in burial chamber because 
we cannot make clear the temperature and the moisture content distribution of the mound. Thus in this chapter, we develop the 
two-dimensional analysis model taken into account the mound and its surrounding ground. Firstly, we confirm the validity of this 
model in order to investigate the counter measure suppressing the condensation. Next we investigate the calculated results when 
the entrance door has a shading to suppress the solar radiation. 
3.1 Method for analysis 
  Materials forms the tumulus are stone, concrete, soil which are porous materials. In this chapter, we use simultaneous heat and 
moisture transfer equations developed by Matsumoto [2].  
The driving force of heat and moisture transfer is temperature and water chemical potential. 
Moisture chemical potential ȝ [J/kg] is as follows: 
Ɋ ൌ ܴ௩ܶ݈݊ሺ݄ሻ (1) 
Heat and moisture balance equations are as follows: 
ܿߩ߲ܶȀ߲ݐ ൌ െߘ ή ሺെߣ׏ܶሻ െ ݎߘ ή ൫െߣఓ௚ᇱ ሺ׏ߤ െ ݊ܨ௪ሻ െ ߣԢ்௚׏ܶ൯ (2) 
ߩ௪ሺ߲߮Ȁ߲ߤሻ ߲ߤ ߲ݐΤ ൌ െߘ ή ൫െߣఓ௚ᇱ ሺ׏ߤ െ ݊ܨ௪ሻ െ ߣԢ்௚׏ܶ െ ߣఓ௟ᇱ ሺ׏ߤ െ ݊ܨ௪ሻ െ ߣԢ்௟׏ܶ൯ (3) 
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Fig. 7 The amount of moisture movement in the tumulus Fig. 8 The comparison between the ventilation of the outdoor and the 
evaporation in the chamber on the amount of the moisture movement 
Fig. 4 Influence of air gap of the entrance door  
on the absolute humidity 
Fig 5 the amount of evaporation and dew 
 condensation in the entrance and the dromos 
Fig.6 Comparison between calculated value and  
measured value in the absolute humidity 
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Heat and moisture balance equations of the air in the stone chamber is as follows: 
 ߲ ௜ܶ ߲ݐΤ ൌ σ ௝ܵߙ௜ሺ ௦ܶ െ ௜ܶሻ ൅ ܿݎܸ݊ሺ ଴ܶ െ ௜ܶሻ௡௝ୀଵ ൅ ܳ (4) 
ԢԢ ߲ ௜ܲ ߲ݐΤ ൌ σ ௝ܵߙԢ௜ሺ ௦ܲ െ ௜ܲሻ ൅ ܿԢݎԢܸ݊ሺ ଴ܲ െ ௜ܲሻ௡௝ୀଵ ൅ ܬ  (5) 
 Then the amount of ventilation between each room uses the calculated value obtained in chapter2. 
The heat and moisture generation which are Q and J, are assumed to be 0[W], 0[kg/s], respectively because people rarely enter 
the tumulus. 
Where ܴ௩ is the gas constant of water vapor (ܴ௩=R/ܯ௩)  T is the temperature [K], h is the relative humidity[㸣], cȡ is the 
volumetric specific heat capacity of the material [J/kg࣭K], Ȝ is the thermal conductivity [W/mK],ߙ௜ is the indoor  heat transfer 
coefficient [W/m2K], ߙԢ௜ is the indoor moisture transfer coefficient [kg/m2K], cr is the volumetric specific heat capacity of air 
[J/m3K], ԢԢ is the volumetric specific moisture capacity of air [kg/m3K], ௝ܵ is jth area of inner surface of the stone chamber [m2], 
n is the air change rate [s-1],ߩ௪  is  the density of liquid water[kg/3] ɔ is the moisture content [͵/͵] ,  ܨ௪   is  the external 
force of gravity[m/ʹ], V is the air volume in the chamber [m3], ଴ܶ , ௜ܶ , ௦ܶ  are the outdoor, indoor and surface temperature, 
respectively [K] , ଴ܲ, ௜ܲ , ௦ܲ are the outdoor, indoor and surface water vapor pressure, respectively [Pa], Q is the heat generation in 
the room.[W], J is the moisture generation in the room [kg/s],ߣԢఓ௚ is the moisture conductivity at gas phase on moisture 
chemical potential gradient [kg/m࣭s(J/kg)] , ߣԢ்௚ is the moisture conductivity at gas phase on temperature gradient [kg/m࣭
s(J/kg)], ߣԢఓ௟ is the moisture conductivity  at liquid phase on moisture chemical potential gradient [kg/m࣭s(J/kg)], ߣԢ்௟  is the 
moisture conductivity at liquid phase on temperature gradient [kg/m࣭s(J/kg)] 
Fig.9     Schematic diagram of analysis model  
In this analysis, the two-dimensional model containing the stone chamber shown in Fig.9 is analyzed. This model is North-South 
cross section of the tumulus. The stone chamber consists of tuff, concrete and soil layer. Hydrothermal properties of the material 
reference to the literature values [3].   We use forward finite difference method for calculation. 
3.2 Results and discussion 
3.2.1 Behavior of temperature and humidity in the stone chamber 
  Fig.10 shows the temperature of analytical value and measured value of the entrance and burial chamber, and Fig.6 (b) shows 
the absolute humidity.  Although the analysis value become slightly less than the measured value through  late February from 
late September, behavior of temperature and humidity is generally consistent.  
Fig.10 Comparison between calculated and measured value of 
temperature in the chamber  
Fig.11 Comparison between calculated and measured value of 
absolute humidity in the chamber 
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3.2.2 Behavior of dew condensation in the stone chamber
  Fig.12 shows the calculated value of the amount of dew condensation at the surface in the burial chamber and at the entrance 
door. We assume that dew condensation occurs when the moisture chemical potential is more than -5J/kg (RH99.9%) and there 
is moisture flow towards the wall from the air. Dew condensation in the burial chamber occurs from early April through the end 
of October, and the amount of condensation especially increases from June through August. On the other hand, dew 
condensation at the entrance door occurs from October through December. The amount of the dew condensation at the entrance 
door promotes the water vapor to flow out from the burial chamber toward the entrance, the surface does not occur dew 
condensation that means the surface is not wet in winter and the surface is wet in summer. This result is consistent with the result 
obtained by the visual investigation at the field survey in Fig.2 (c).  Next, Fig.7 (b) shows the position in which is occurred dew 
condensation in summer and winter. 
In January 5th, dew condensation does not occur in the burial chamber but occurs at the entrance door. Against in June 5th, dew 
condensation does not occur at the entrance door but occurs at the side wall of north of the burial chamber. Fig.14 shows the 
temperature distribution of the mound in June 5th. The top of the south slope is highest, and the north bottom is lowest in 
temperature. It is because solar radiation incomings at the south are large and soil temperature at the northern slope where the 
solar radiation is not coming is lower than outside temperature in summer. Fig.15 shows the moisture content distribution of the 
mound in June 5th.   
This is also because the evaporation is large at the southern slope caused by solar radiation.  So it can be said that dew 
condensation occurs at the north side wall of the burial chamber in summer because of these temperature and moisture content 
distribution above mentioned. Compared with the results of the field survey, the calculated results  can reproduce that the parts 
where the surface is dry in winter and wet in summer, and that the dew condensation occurs at the side wall of north of burial 
chamber in summer. On the other hand, the calculated results cannot reproduce the feature that dew condensation occurs at the 
ceiling in the burial chamber all the year round. As possibility, it can be said that water is easily accumulated on the ceiling 
because of materials of the mound or that there is vertically distribution in absolute humidity.  We have been investigating the 
issue. 
Fig.12 Annual variation of the amount of dew condensation   Fig.13 the position occurring the dew condensation in winter (left) and summer (right)
Fig.14 Temperature distribution of the tumulus in summer   Fig.15 Moisture content distribution of the tumulus in summer
3.2.3 Investigation on a conservation measure by shielding solar radiation at the entrance door
  In the chapter 2, we clarify that the evaporation from the soil surface in the tumulus near the door of the entrance is the main 
factor of the dew condensation in the burial chamber in summer. Absorbed solar radiation at the door is easy to be transmitted 
through into the chamber because the door is made of iron. As a result, a temperature rise in the tumulus by solar radiation causes 
promotion of the evaporation on the ground near the door. So we investigate the case that is shielding solar radiation at the 
entrance door by using the two-dimensional analysis model. As a condition of the shielding door, the amount of solar radiation 
coming into the door assumes 0[W/m2]. The both results of amount of the dew condensation at the surface of the burial chamber 
before shielding and after shielding are shown in Fig.16. 
1340   Madoka Keshi et al. /  Energy Procedia  78 ( 2015 )  1335 – 1340 
 Fig.16 the amounts of dew condensation at surface of burial chamber before shielding and after shielding
Whereas the dew condensation occurs through late October from late April without the shielding, the dew condensation occurs 
through early October from late May with the shielding, the season when the dew condensation occurs with the shielding is 
shorter than result before the shielding. In addition the amount of the dew condensation at the surface of the burial chamber 
decrease about 20% in July compared with the result without the shielding. 
In order to reduce the amount of dew condensation at the surface of the burial chamber more, we propose an insulating the door 
as the additional measure. 
4. Conclusions and perspectives
In this study, we investigate of the main factor of the dew condensation and counter measure to suppress the dew condensation of 
Kamao tumulus. We calculated considering the ventilation by stack effect and the evaporation at the surface and two-
dimensional simultaneous heat and moisture transfer equations. The following results are obtained. (1) In summer, the water 
vapor moves from the dromos to the burial chamber by stack effect and the dew condensation occurs in burial chamber. On the 
other hand, in winter the water vapor moves from the burial chamber to the dromos and the surface easily dry in the burial 
chamber. The evaporation at the soil surface in the tumulus near the door of the entrance is the main factor of the dew 
condensation in summer. In addition the dew condensation at the entrance door in winter is the main factor of the drying in 
winter. (2) The calculated results using the analysis model we developed agree with the behavior of measured temperature, 
humidity and condensation. On the other hand, the calculated results cannot reproduce the feature that dew condensation occurs 
at the ceiling in the burial chamber all the year round. As possibility, it can be said that water is easily accumulated on the ceiling 
because of materials of the mound or that there is vertically distribution in absolute humidity.  (3) The season when the dew 
condensation occurs with the shielding is shorter than result before the shielding. In addition the amount of the dew condensation 
at the surface of the burial chamber decreases about 20% in July compared with the result without the shielding. In order to 
reduce the amount of dew condensation at the surface of the burial chamber more, we propose an insulating the door as the 
additional measure. 
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